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simulation of cardiac hemodynamics
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Abstract—Numerical methods are rapidly gaining
importance for answering medical questions. One field in
which these answer are especially valuable is cardiology. The
understanding of the cardiac function on a detailed, physical
level can help to improve diagnostics, prognosis and therapy
for a large number of pathologies.

The KaHMo (Karlsruhe Heart Model) is developed as a
framework for the patient specific numerical simulation of the
intraventricular flow. The framework combines different
methods from several disciplines.

As a means to simulate the cardiac flow in a given patient
specific heart, KaHMo MRI derives the time dependent
geometry of the endocardium and performs a numerical
simulation of the intraventricular flow.

In order to be able to predict the influence of pathological
changes in e.g. the myocardium or the valves on the
contraction of the heart and the flow driven by this movement,
KaHMo FSI employs special Fluid-Structure-Interaction
methods and a composite approach to muscular dynamics to
simulate the complex interaction of non linear elastomechanics
with hemodynamics.

The framework is supported by additional models which
include a model of the human circulatory system to derive the
systemic pressure response, rheological models for the non-
Newtonian behaviour of the blood as well as models for
prediction of hemolysis and thrombosis risks in artificial blood
pumps or ventricular assist devices.

Future developments may incorporate electrodynamical
models to include the possibility to predict the effect of e.g.
arrythmia or therapeutical ablation on the heart function.

The vision is a macroscopic holistic model of the human
heart that can help to answer the ever pressing “what if?”
questions.
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I. INTRODUCTION

Heart diseases are statistically the major cause of death in
the western world. To improve diagnosis and therapy meth-
ods in the field of surgical heart failure treatment, the Insti-
tute for Fluid Mechanics, University of Karlsruhe, in coop-
eration with the Department of Cardio-vascular Surgery,
University of Freiburg, has been developing KaHMo

(Karlsruhe Heart Model), a patient-specific numerical
model of the human heart [1-5].

From a fluid dynamicists point of view the numerical
models of the heart can roughly be divided into two types:

Firstly those that take the movement of the inner ven-
tricular wall as a boundary condition: The prescribed ge-
ometry models [6-12].

Secondly, the models which take into account the inter-
action between the fluid flow and the motion driving it: The
Fluid-Structure-Interaction ~ (FSI)  models, including
fictitious domain models [13-16] and coupled FSI models
[17-22].

Both models cannot be considered as alternatives to each
other but as approaches in their own right.

KaHMo strives to combine the features of both ap-
proaches by modularization. Fig. 1 shows the principle
concept map of KaHMo.
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Fig. 1 KaHMo — concept map of heart simulation for the prescribed
geometry (MRT, right) and fluid structure interaction (FSI, left) approach

For KaHMo MRT, the time dependent geometry of the
ventricular inner walls is based on the segmentation of MRI
recording sets. This information is used to generate surface
meshes of identical topology to prescribe the ventricular
geometry motion as moving wall boundary conditions in a
Computational Fluid Dynamics (CFD) domain. For KaHMo
FSI, the same fluid domain is used, but instead of the mov-
ing prescribed boundary condition a full solid mechanics
model of the heart muscle is created and coupled to the
CFD domain.
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This shows the modularity of the concept which enables
us to create both types of models without any changes to the
fluid model itself.

II. MATERIALS AND METHODS

Flow simulations are performed using the commercial fi-
nite volume package StarCD® (cd-adapco). In future work
FLUENT® (ANSYS) will be used, which provides special
capabilities to handle large mesh deformation using power-
ful smoothing and remeshing algorithms on unstructured
meshes in order to provide better mesh quality and avoid the
early termination of the fluid solver due to large cell distor-
tion, which is a general problem in biofluid mechanics CFD
simulations [23].

While in StarCD® structured volume meshes are used,
MpCCI® (Mesh based Code Coupling Interface by Fraun-
hofer Institute of Scientific Computing and Algorithms) is
used to couple the vertex motion of structured surface
meshes to an unstructured volume mesh in FLUENT.

For the MRT model a special MpCCI Code Adapter was
developed [24]. For the FSI model a special implicit cou-
pling procedure is used which has been developed since the
explicit methods available in MpCCI® are not stable for the
given ratio of fluid and tissue densities due to the added
mass effect [25,26].

A. Numerical Model

The simulation of the fluid flow is performed using the
finite volume method in the arbitrary Lagrange-Euler (ALE)
formulation for moving grids.

Though blood is a non-Newtonian fluid the viscous stress
tensor is still being modeled by the Stokes Assumption with
an effective viscosity modeled by a Carreau or Cross model
adapted to measurements by Liepsch [27,28].

Relative pressure boundary conditions are used at the
inlet to the atrium and at the exit of the aortic tract. The
pressures are calculated from the volume flux at the aorta,
which is used as input to a full model of the circulatory
system which gives realistic pressures over time for the inlet
and outlet boundaries [29,30].

The valves are represented by a two dimensional planar
model. Numerically the valves are defined by a temporally
and spatially variable pressure drop. The pressure drop is
varied from infinite (closed valve area) to zero (open valve
area). An intermediate pressure drop is defined for the bor-
der of the opening area, to smoothen the resulting jet profile
in the same way as the three dimensional valve geometry
does.
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An exhaustive description of the flow model can be
found in [2].

For the prescribed geometry model the time dependent
geometry is derived from the MRI scans of a healthy male
volunteer. 17 structured surface meshes were generated
equally distributed over one cardiac cycle. Surface motion
between these 17 base meshes is approximated by third
order segmented Bezier curves. The segments are steady in
terms of parametric differentials, which ensures that no
unrealistic pressure peaks occur due to sudden surface ac-
celerations in the flow solution [2,30].

For the FSI model a composite model of the myocardium
was used. In this model the anisotropic behavior of the
muscle tissue was implemented by inner and outer fiber
layers on an isotropic matrix [31-33]. The contraction of the
tissue was modeled by reduction of the fibre length corre-
sponding to the shorting of sarcomeres.

III. RESULTS AND DISCUSSION

Figure 2 shows the simulated flow field for the FSI and
MRT (StarCD®) models at the end of the diastole. In the
middle pane the three dimensional momentary streamlines
are presented. In the left pane two dimensional streamlines
in the central plane and in the left panel the isosurface of A,
= -1000 are shown. The streamlines and isosurfaces are
colored by the velocity magnitude.

At the end of the diastole we see a clockwise vortex that
fills nearly all room in the ventrice but the apex. In the apex
a second vortex develops which is responsible for flushing
old blood out of the tip of the ventricle.

Figure 3 shows a schematic of the simulated flow fields
for the 2 models. In the beginning diastole blood enters the
ventricle through the opening mitral valve. The resulting jet
flow develops into a ring vortex. This initial vortex is born
from the jet shear layer that is rolled up by viscous forces
exerted from the resting fluid onto the jet core. This process
is well known from accelerated flow through an anular
orifice. Initially this ring vortex is nearly symmetrical and
corresponds to the shape of the valvular opening. In a sym-
metrical vessel the ring vortex would keep travelling down-
stream in its symmetrical shape and finally dissipate - pos-
sibly deformed by instability waves.

In our case the ring vortex originates from a laterally dis-
placed orifice and enters an asymmetric ventricle. This leads
to asymmetric growth of the ring vortex in the course of the
diastole and finally the vortex is tilted to fill the elongated
shape of the ventricle. The direction of the tilting is subject
to boundary conditions, especially the inflow direction and
the movement of the ventricle wall. In the left ventricle the
tilting direction is clockwise such that the left side of the
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ring vortex stays in the upper part of the ventricle and grows
to fill most of its cavity and the right side dives into the
apex and aids in flushing the tip of the ventricle. This
asymmetry in the vortex development seems to be crucial
for the function of the ventricle, since without it the elon-
gated shape cannot be flushed efficiently as a symmetrical
ring vortex would stay in the wide part of the ventricular
cavity leaving a stagnant area in the apex. The understand-
ing of the relation between ventricular shape and motion
and the asymmetry of the developing ring vortex is impor-
tant for the understanding of the ventricular function as a
whole. At the beginning of the systole the vortical structures
are only partly dissipated and most of the rotational energy
pushes the blood towards the opening aortic valve.

The comparison between the results obtained by the pre-
scribed geometry model KaHMo MRT and the fully fluid-
structure-coupled model KaHMo FSI shows good agree-
ment between the two models. Slight differences in the flow
occur that can be attributed to equally slight differences
between the prediction of the myocardial movement by the
structural model and the prescribed movement.
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Fig. 2 Comparison between fluid structure interaction and prescribed
geometry model [33]
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Fig. 3 Schematic intraventricular flow structure for KaHMo FSI (red) and
KaHMo MRT (blue) [33]

But it can be said that the general agreement between the
two flow fields is good and within a typical uncertainty
corridor of 5-10% for this kind of numerical model. Exten-
sive details can be found in [33].

IV. CONCLUSIONS

The KaHMo has proven to be suited for simulation of the
intraventricular flow field based on patient specific data,
that can be obtained by clinical measurements.

The simulation framework is modular and flecible and
can be adapted to the demands and necessities. It has been
shown that by changing the representation of the myocar-
dium from a prescribed movement to a full fluid-structure-
interaction-model the flow model does not need to be
changed and gives consistent results between the models.

The flow field that is predicted corresponds to physio-
logical literature and is physically plausible.

The model is extensible. By inclusion of e.g. the electro-
dynamics of the heart into the FST model it will be possible
to model the change in myocardial movement and thus flow
that is caused by an acute myocardial infarction or arrhyth-
mia. The MRT model can be used to evaluate the status quo
of healthy and deseased hearts based on direct MRT meas-
urements. This can be used to derive quantities that help to
assess the functionality of the heart from a fluid dynamics
point of view and to compare different strategies for treat-
ment of e.g. ischemia, ventricular reconstruction, etc.
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